Abstract: A compact, continuous-wave, solid-state laser at 578 nm has been demonstrated, for the first time to our knowledge, by use of intracavity sum-frequency mixing from a branched cavity with an LBO crystal. Two gain mediums, namely, the Nd:YAG single crystal and the Yb:YAG single crystal (with a disk laser setup), are used to generate the two fundamental 1319-and 1030-nm waves, respectively. The maximum output power of 37.5 mW is obtained at a total pump power of 14 W. The power stability value of the output laser is better than 4.3% in 30 min.
Introduction
The yellow laser source is widely used in the areas of medical science, including dermatology, ophthalmology, and super-resolution imaging. Today, the copper vapor laser (578 nm) and dyelasers are commonly used in medical clinics for dermatological treatment [1] - [6] , due to increased interaction between the photon and hemoglobin, which has high absorption peaks at 578 nm. Furthermore, the 578 nm laser has important applications in fundamental physics research and optical atomic clocks [7] - [11] . For Yb atom research, the hyperfine transitions of three iodine lines near the 1 S 0 ! 3 P 0 transition of Yb at 578 nm could be important frequency reference lines [12] . In addition, narrow-linewidth 578 nm laser with high frequency stability has been used to probe the clock transition of ytterbium atoms confined in an optical lattice by several groups [9] , [11] , [13] .
Compared with the copper vapor lasers and dye lasers, diode-pumped solid-state lasers have the advantages of small size, high efficiency, and none of the toxic gases and dyes used in the laser [14] , [15] . Up to now, different approaches have been used to produce solid-state laser at 578 nm. Lasers with sum-frequency generation (SFG) in a waveguide (WG) periodically poled lithium niobate (PPLN) device based on a 1319 nm Nd:YAG laser and a 1030 nm Yb-doped fiber laser were reported. The power level of this scheme was $10 mW [8] , [9] , [13] , which was rather low, due to the low damage threshold of the proton-exchange WG-PPLN. To improve the yellow laser power, a ridge-type WG-PPLN device was introduced into this scheme. As a result, a SFG power of $150 mW was obtained [16] . However, the required narrow linewidth of the two independent fundamental frequency lasers and the lower optical damage threshold of the WG-PPLN limit the further power scaling of the 578 nm laser. In the case of pulsed operation with high peak power, intracavity frequency-doubled Raman laser was a promising approach. Q-switched output with as much as 1.2 W average power was obtained by using a diodepumped Nd:YAG laser gain medium producing fundamental output at 1064 nm, an intracavity LiIO 3 Raman-active crystal that generates first-Stokes output at 1155 nm, and an intracavity LiB 3 O 5 frequency-doubling crystal that producing 578 nm yellow light [17] . Furthermore, the second harmonic generation (SHG) of a laser diode can be an excellent alternative with a relatively low cost. A maximum yellow laser output power of more than 10 mW was demonstrated by employing a WG-PPLN device as the nonlinear medium for SHG of a laser diode at 1156 nm [7] , [10] , [18] . A high-efficiency optically pumped vertical-external-cavity surface-emitting laser (VECSEL) emitting watt-level at a wavelength around 578 nm was demonstrated by intracavity frequency doubling using a non-critically phase matched LBO crystal [19] . Till now, the way to generate a continuous wave (cw) 578 nm laser by intracavity SFG with dual-pumping and dualcavity linked in a common arm has not been presented. This scheme incorporates the features of compactness, excellent power scalability and high beam quality. Moreover, benefiting from this scheme, the competition between the two fundamental frequency lasers is avoided, and the output mirror does not need to be precisely coated for the transmittance of the two fundamental frequency lasers.
In this paper, a compact 578 nm yellow laser is proposed and demonstrated using two separate cavities. The arms for sum-frequency mixing in these two cavities are overlapped. Two gain mediums are employed to generate two fundamental waves: Nd:YAG single crystal and Yb:YAG thin-disk crystal for generating 1319 nm and 1030 nm waves. In the common arm, sum frequency mixing is realized in a type-I critically phase matched (CPM) LBO crystal. With a total incident pump power of 14 W, a maximum output power of 37.5 mW at 578 nm is obtained. The stability of the yellow output is better than 4.3% in 30 min.
Experimental Setup
The experimental setup of the intracavity SFG of 578 nm laser is shown in Fig. 1 . The separate pump source for different gain media used in our experiment was a fiber coupled laser diode arrays (LDA). LDA1 (diameter of 300 m and numeral aperture of 0.22) emitting at the wavelength of $940 nm was used to pump Yb:YAG disk crystal for 1030 nm oscillation. Considering the quasi-three-level characteristics of Yb:YAG crystal, thin-disk crystal and four-pass pump configuration which was achieved by a pair of high reflective mirrors were utilized. LDA2 (diameter of 200 m and numeral aperture of 0.22) emitting at the wavelength of $808 nm was employed as the end-pumping source for generating 1319 nm oscillation. Both of the central emission wavelengths of the pump sources could be changed by tuning the operative temperature to match the absorption peaks of the two kinds of laser gain medium.
One gain medium, a thin-disk 10 at.%-doped Yb:YAG crystal with a diameter of 11 mm and a thickness of 0.42 mm was mounted with one face on a water-cooled copper heat sink. Fig. 2 depicts the characteristics of the cw output at 578 nm versus the absorbed pump power of Nd:YAG crystal and the pump power of Yb:YAG crystal. The pump thresholds of the yellow laser were measured to be $0.5 W for the Nd:YAG laser and $2.2 W for the Yb:YAG laser, respectively. The maximum yellow laser output power of 37.5 mW was obtained at a total pump power of 14 W. On this point, the pump power for Nd:YAG and Yb:YAG was 3.7 W and 10.3 W, respectively. The total yellow output power would be 75 mW if the lasers emitted in both the directions were taken into account. We notice that, at the efficient cw yellow laser operating, both the threshold and the pump power of the Yb:YAG laser was considerable high compared with the Nd:YAG laser. We attribute this result to two key points. One is the nature of Yb:YAG crystal, including the relative poor stimulated-emission cross section and the reabsorption of lower laser level according to the quasi-three-level characteristics of the Yb:YAG crystal [20] . The other is the inserting loss introduced by the beam splitter. The insertion loss can be estimated as $0.2% according to the reflectance at 1030 nm of the beam splitter. The reflected laser power at 1030 nm from one side of the beam splitter as a function of the pump power of Yb:YAG laser is shown in Fig. 3 . Though the two sides of the beam splitter were coated for high transmission at 1030 nm, we noticed that inserting loss introduced by the beam splitter could not be ignored. The reflection loss from one side was more than 0.25 W at the maximum yellow output condition. Moreover, we estimated that there was equivalent reflection loss taking account of the coating curve, whereas it was inconvenient to measure the reflection loss from other side due to the cavity structure. In Fig. 2 , there are several kinks in the output power lines when the Nd:YAG pump power is larger than 1 W. We ascribe this behavior to the competition between the neighboring 1319 nm and 1338 nm lines in the Nd:YAG laser. With lower Nd:YAG pump power, there was only one single line oscillating in the cavity. As the pump power increased, the other one would start oscillating and take part in the SFG process, resulting in these kinks.
Results and Discussion
A fiber spectrometer (Maya2000Pro, Ocean Optics, Inc.) with a resolution of $1.1 nm (25 m slit, HC-1 grating) was employed to monitor the yellow laser spectrum. As shown in Fig. 4(a) , the optical spectrum of yellow laser at the maximum output power was not a single line but two lines. The highest intensity peak and the small peak nearby were located at 578 nm and 582 nm, respectively. When turned the azimuth angle of LBO, we obtained the maximum output power of 10 mW mainly at 582 nm under 14 W total pumping power with 3.7 W for Nd:YAG and 10.3 W for Yb:YAG. The corresponding spectrum was shown in Fig. 4(b) . This indicated that there must be another spectral line taking part in the SFG generation. Another spectrometer (NIRQuest512, Ocean Optics, Inc.) with a resolution of $2.0 nm (5 m slit, 150 lines/mm blazed grating) was employed to monitor the infrared laser spectrum. The measured spectrum of 1338 nm laser is shown in the inset of Fig. 4(a) . We conclude that the 1338 nm line was responsible for SFG of the 582 nm light. As a result, we did not get a single line at 578 nm at the maximum output power. We assume there are two key points: first, the gain competition between the two lines was intense because the stimulated-emission cross sections of 1319 and 1338 nm are equivalent. For the Nd:YAG crystal, the stimulated-emission cross sections for R 2 ! X 1 (1319 nm) and R 2 ! X 3 (1338 nm) transitions are 0:92 Â 10 À19 cm 2 and 0:90 Â 10 À19 cm 2 , respectively [21] . Second, it was difficult to discriminate the two lines by SFG because the spectral distance between the two lines was rather narrow. The exact conditions of the azimuth angle of the type-I critical phase matching LBO crystal for 578 nm and 582 nm are ¼ 90 , ' ¼ 5 and ¼ 90 , ' ¼ 4:5 at the same operative temperature, respectively. The maximum acceptance angle of LBO is 20 mrad for SFG of 1030 nm and 1319 nm, which is two times larger than the angle difference ðÁ' ¼ 0:5 Þ between SFG of 578 nm and 582 nm. Considering that the two gain media we employed were isotropic and the polarization states of the fundamental waves have a significant impact on the conversion efficiency of SFG, by using a Glan prism, we measured the polarization states of the 578 nm laser at the average output power of 31.5 mW, as well as the fundamental waves without the LBO crystal inside the cavity at the same pumping power. As shown in Fig. 5 , the polarization states of 578, 1030, and 1319 nm lasers were s-polarized, approximate p-polarized and partially polarized, respectively. Because the beam splitter in the cavity acted as a polarizer for the 1030 nm laser, the polarization of 1030 nm laser well met the phase match condition. We believe that the SFG conversion efficiency will be dramatically enhanced if the polarization state of 1319 nm laser can be controlled, which can be simply done by inserting a Brewster plate inside the L3 arm of the cavity [22] .
The transverse spatial profile of the 578 nm laser at the maximum output power was measured with the knife-edge method using a M 2 -200s-FW (Ophir-Spiricon, Inc.) laser beam analyzer. The M 2 factors were approximately 1.4 and 1.2 in the horizontal and vertical directions, respectively, which showed that the laser output at 578 nm was operating in the near TEM 00 mode (Fig. 6) . We considered that the asymmetry of the M 2 factors in the two directions was a result of the walk-off between the fundamental wave and the frequency mixed wave in the direction of LBO [23] .
Finally, power stability of 578 nm laser was measured at the average output power of 31.5 mW. The power stability value of the output laser was better than 4.3% in the given 30 min. The fluctuation of the yellow laser output (see Fig. 7 ) in our experiment was largely due to the competition between the two laser lines at 1319 nm and 1338 nm. 
Conclusion
A compact cw solid-state laser at 578 nm has been demonstrated, for the first time to our knowledge, by use of intracavity SFG from a branched cavity with two gain mediums and a type-I CPM LBO crystal. The maximum output power of 37.5 mW was obtained at 14 W of total pump power. We believe that further increase of the cw yellow output power would be a realistic goal by improving the utilization efficiency of 1030 nm laser and introducing the polarization control of 1319 nm laser. In addition, the linewidth and the frequency stability of the yellow laser deserve further investigation.
